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Short-term changes in levels of expression of nine stress response genes and oxidative damage of
proteins were examined in Eisenia fetida exposed to polyvinylpyrrolidone (PVP) coated Ag nanoparticles
(Ag-NP) and AgNO3 in natural soils. The responses varied significantly among days with the highest
number of significant changes occurring on day three. Similarity in gene expression patterns between
Ag-NPs and AgNO3 and significant relationships of expression of CAT and HSP70 with Ag soil concen-
tration suggest similarity in toxicity mechanisms of Ag ions and NPs. Significant increases in the levels of
protein carbonyls on day three of the exposure to both ions and Ag-NPs indicate that both treatments
induced oxidative stress. Our results suggest that Ag ions drive short term toxicity of Ag-NPs in E. fetida.
However, given that <15% of Ag in the NPs was oxidized in these soils, dissolution of Ag-NPs is likely to
occur after or during their uptake.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years there has been a dramatic increase in production
of products containing Ag-nanoparticles (Ag-NPs) and the release
of Ag-NPs into the environment is likely already occurring (Blaser
et al., 2008; Luoma, 2008). One of their major routes of entry into
the environment is predicted to be through wastewater treatments
plants, where 90% of Ag-NPs are likely to be partitioned to sewage
sludge (Gottschalk et al., 2009; Mueller and Nowack, 2008) the
majority of which is applied to agricultural lands as biosolids in
many locations (USEPA, 2009). These sludge amended soils con-
taining Ag-NPs present potential risk to the health of terrestrial
organisms and may gain entry into food webs (Judy et al., 2010;
Shoults-Wilson et al., 2011a, 2011b, 2011c).

Our recent studies on the effects of Ag-NPs and Ag ions on
earthworm, Eisenia fetida, demonstrated a decrease in reproduction
after exposure to AgNO3 in soil at concentrations of about 100 mg/
kg for 28 days, which is similar to the highest Ag concentrations
currently expected in sewage sludge (USEPA, 2009), while adverse
usko), Jason.unrine@uky.edu
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effects on reproduction from Ag-NPs were documented at about
800 mg/kg (Shoults-Wilson et al., 2011a, 2011b). In our previous
studies, we concluded that reproductive toxicity was likely due to
release of free Ag ions from Ag-NPs based on extended X-ray
absorption fine structure spectroscopy (EXAFS) of soil samples
showing that the Ag (I) fraction was similar to the total Ag
concentration at which reproductive effects were observed in the
AgNO3 treatment. However, when we examined a more sensitive
endpoint, avoidance behavior, earthworms showed a significant
response after 48 h of exposure to Ag-NPs (Shoults-Wilson et al.,
2011c) at Ag concentrations of about 10 mg/kg, which are rele-
vant to the concentrations predicted in sludge (Gottschalk et al.,
2009). The earthworms responded at similar concentrations for
Ag-NPs and ions at 48 h; however, there was an initial (immediate)
avoidance response for ions but not Ag-NPs, suggesting a delay in
onset of action for Ag-NPs that did not occur for AgNO3. Similar
sensitivity at 48 h was observed despite the fact that at least 90% of
the Ag in the Ag-NP treatment remained in zero-valent form,
indicating mostly intact Ag-NPs (Shoults-Wilson et al., 2011a,
2011b). Changes in the microbial community that may have led to
such avoidance behavior were also ruled out (Shoults-Wilson et al.,
2011c). Based on these lines of evidence, we hypothesized that the
avoidance response was a particle specific, and not related to
dissolution of the Ag-NPs in the soil matrix.
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Table 1
Nominal and measured Ag concentrations and pH of the soils used for exposures of
the earthworms to ionic and nanoparticulate Ag to examine their short-term
molecular-level responses. BDL, Below detection limit.

ID Ag type Particle
size (nm)

Particle
coating

Nominal
[Ag]soil
(mg/kg)

[Ag]soil
(mg/kg)

pH

Control NA NA NA 0 BDL 6.7
AgNO3 Ion NA NA 100 87.9 6.8
SNP low NP 10 PVP 100 119.0 6.9
LNP low NP 30e50 PVP 100 61.6 6.8
LNP high NP 30e50 PVP 500 288.0 6.7
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In order to test the hypothesis that Ag-NPs act through toxicity
mechanisms that are distinct from those of AgNO3, we investigated
short-term changes in gene expression for genes that have been
demonstrated to respond to toxic metal ions and/or oxidative stress
(Brulle et al., 2006, 2007; Burgos et al., 2005; Homa et al., 2005;
Kiliç, 2011; Spurgeon et al., 2004; Unrine et al., 2010a; Zhang et al.,
2009) as well as changes in oxidative damage of proteins (Drake
et al., 2003; Hardas et al., 2010; Yokel et al., 2009). We expected
that if the particles and ions acted through similar mechanisms, the
patterns of changes in gene expression and oxidative damage
would also be similar. Our previous studies have also indicated that
intact metallic NPs can induce specific changes in patterns of gene
expression in another terrestrial invertebrate, Caenorhabditis ele-
gans, which indicate possible mechanisms of toxicity (Tsyusko
et al., 2012). Oxidative stress is a putative mechanism whereby
intact Ag-NPs may cause toxicity in terrestrial invertebrates (Lim
et al., 2012; Yang et al., 2011). Because E. fetida has not had its
genome completely sequenced and published at the time the study
was conducted, we were limited to examination of a few genes.
The genes selected from the available sequences at GenBank
were associated with metal homeostasis e metallothionein (MT)
(Stürzenbaum et al., 1998), metal ion binding and protein regu-
latinge calmodulin (CaM) (Ouyang and Vogel, 1998), general stress
and macromolecular damage e ubiquitin and heat shock proteins
60, 70 (HSP60, HSP70) (Flick and Kaiser, 2012; Parsell and Lindquist,
1993), and oxidative stress e catalase (CAT), protein kinase C2
(PKC), superoxide dismutase (SOD), and glutathione-S-transferase
(GST) (Di Giulio et al., 1995; Gopalakrishna and Jaken, 2000). We
also examined oxidative damage to proteins by measuring protein
carbonyls (PC), protein-bound 4-hydroxy 2-transnonenal (HNE),
and protein-resident 3-nitrotyrosine (3-NT). These biomarkers
have shown responses to oxidative stress caused by CeO2 NPs
(Hardas et al., 2010; Yokel et al., 2009).

Eisenia fetida were exposed in a natural soil to Ag-NPs and
AgNO3 for three different short time periods. The samples were
collected from a previous study that investigated the influence of
particle size and soil type on Ag uptake from Ag-NPs (Shoults-
Wilson et al., 2011a). The effect of particle size was also investi-
gated by comparing responses resulting from exposures to Ag-NPs
with two different size distributions. In addition, the responses to
Ag-NPs of the same size but with two different concentrations were
compared to determine whether gene expression levels vary
significantly by concentration.

2. Materials and methods

2.1. Material characterization

Two Ag-NPs with polyvinylpyrrolidone (PVP) coating with nominal sizes of 10
(SNP) and 30e50 (LNP) nm were purchased from NanoAmor (Nanostructured &
Amorphous Materials, Houston, TX). Primary particle size was determined via
transmission electron microscopy (TEM). The particle hydrodynamic radius in
aqueous suspension and zeta potential were measured using dynamic light scat-
tering (DLS) and phase analysis light scattering (PALS) with a Malvern Zeta-Sizer
Nano-ZS (Malvern Instruments, Malvern, UK). Complete details of the particle
characterization can be found in Shoults-Wilson et al. (2011a). Briefly, the SNP had
a primary particle (TEM) diameter of 40.9 � 0.8 nm (mean � standard error of the
mean) and the LNP had amean primary particle diameter of 56.4�1.2 nm. However,
dynamic light scattering in 18 MU deionized (DI) water after sonication indicated
a volume weighted geometric mean diameter of 10 nm for the SNP versus 30 nm
for the LNP, indicating possible effects of drying during the TEM analysis on the
particle size distribution. The apparent z potential in DI water (Hückel approxima-
tion) was �49.5 � 1.7 mV for the SNP and �35.9 � 0.8 mV for the LNP. Both the SNP
and the LNP were approximately 90% Ag (0) and 10% Ag2O.

2.2. Measuring Ag soil concentrations

Soil samples from exposure chambers were dried at 60 �C and microwave
digested in sealed Teflon bombs at 180 �C in concentrated trace-metal grade HNO3
(CEMMarsXpress, Matthews, NC, USA). Ag concentrations in diluted digestates were
analyzed by ICP-MS (Agilent 7500 cx, Santa Clara, CA USA). Each digestion set
contained reagent blanks and standard reference soils (National Institute of Stan-
dards and Technology, Standard Reference Material 2709). Details of the validation
of this method specifically for Ag-NPs, have been previously described (Shoults-
Wilson et al., 2011a).

2.3. Exposures

The exposure protocol has been described previously where we report data on
uptake of Ag from the same exposures (Shoults-Wilson et al., 2011a). Briefly, all
exposures to Ag-NPs and AgNO3 were performed in Yeager sandy loam (YSL), a soil
from a site in central Kentucky (Estill County) with 1.77% of organic matter and
9.18 cmol/kg for cation exchange capacity, which was air dried and sieved. More
details on soil properties, are reported in (Table 1) and in Shoults-Wilson et al.
(2011a). Ag-NPs were sonicated for 15 min in 18 MU DI water and the suspen-
sions were applied to soils at a rate of 50% water holding capacity. The nominal
concentration of Ag used for NPs of both sizes (SNP and LNP) and for AgNO3 was
100 mg/kg dry soil. To investigate changes in gene expression in the worms exposed
to low versus high Ag soil concentration we have also included a treatment with
nominal concentration of 500 mg/kg dry soil for LNP (high LNP). These soil
concentrations were relevant to both short-term effects on avoidance behavior as
well as long-term effects on reproduction, growth and survival (Shoults-Wilson
et al., 2011a, 2011c). Twelve adult worms per treatment were selected in a size-
stratified manner (to include a representative sample of worm sizes). There were
a total of 4 treatments including control, small Ag-NP (SNP), large Ag-NPs (LNP) and
AgNO3. The treatment for LNP included two nominal concentrations of 100 (LNP
low) and 500 (LNP high) mg/kg with 12 worms for each concentration. The worms
were maintained at 20 �C with 12 light hours per day. Four individual worms per
treatment (one from each container) were randomly selected for qRT-PCR and
protein analysis after 0, 1, 3, and 7 days of exposure, flash frozen in liquid nitrogen
and stored at �80 �C until analyzed.

2.4. RNA extractions and qRT-PCR

RNAwas extracted from all worms after crushing them in mortar with pestle in
liquid nitrogen and using Trizol (Invitrogen) followed by purification with Qiagen
RNeasy Kit (Qiagen, Chatsworth, CA). All RNA samples were analyzed using micro-
fluidic electrophoresis (Agilent 2100 Bioanalyzer), as well as reading absorbance at
260 and 280 nm using a spectrophotometer equipped with a nL volume cuvette. All
samples showed no signs of degradationwith RINs (RNA Integrity Number) of 9 and
10. High capacity RNA-to-cDNA Master Mix (Applied Biosystems) was used to
convert total RNA of 500 ng into cDNA for all samples. Nine stress response genes
including CaM 16-1 (DQ286708.1), CAT (DQ286713), PKC2 (DQ286717), MT
(AJ236886), SOD (DQ286712), HSP60 (DQ286710), HSP70 (DQ286711), UBQ-
(DQ286715), and pi-class GST (GQ865565) were used for qRT-PCR. All primers and
probes were designed using Primer Express (Applied Biosystems) with the
sequences already deposited in the GenBank except for GST and b-actin (reference
gene). We were unable to amplify the product using initial qRT-PCR primers and
probes designed from the available GenBank sequences for GST (GQ865565) and
b-actin (DQ286722). Instead we re-designed primers for sequencing and sequenced
the regions of the interest using our samples from different treatments (SNP, LNP,
AgNO3, and control). The sequences were deposited into the GenBank (Accession
# for b-actine JQ038870 and for GSTe JQ038871). After blasting the new sequences
against the GenBank sequences and using only conserved regions, we successfully
re-designed primers and probes for these two genes. All primers and TaqMan probes
were purchased from Applied Biosystems. The b-actin gene did not show any
significant changes among the treatments and was selected as a reference gene. The
qRT-PCR was performed in 10 ml reaction using 1� FastStart TaqMan Master Mix,
300 nM of TaqMan primers and probe, and 2 ml of diluted 1:9 cDNA. The list of
primers and probes with their corresponding efficiencies (96e101%) and the gel
image for their amplification product are presented in Table 2 and Fig. S2. Amplifi-
cation for all genes was performed using StepOne Plus System (Applied Biosystems)



Table 2
qRT-PCR primers and probes for TaqMan assays used to examine short-termmolecular-level responses of earthworms, Eisenia fetida, exposed to Ag ions and Ag nanoparticles.
The accession number is the number corresponding to the sequences used to design these assays. Assay ID is the ID that can be used to order assay from Applied Biosystems.

Gene name Assay ID (Applied Biosystems) Forward primer sequence Reverse primer sequence Probe sequence

b-Actin AICSUU9 TCCACCTTCCAGCAGATGTG GCACTTTCTGTGGACGATGGAT CAGCAAGCAGGAGTAC
CaM AIX0ZPZ GGCTGCTGAGCTGAGACATG CACCTCTTCGTCCGTAAGCTTCT CATGACCAACCTTGGC
CAT AIPACK7 ACGCCGACGGAGAAGCT TGCCTTGGTTGGTCTTGTGA TGTACTGCAAGTTCC
PKC AIQJARF TGCGCTGTCCGCAAAA TCTGTTTGGAAGCAGGAGTGAA CCCGTACCTAACTGC
MT AIWR1JR GCTGTGCTGACGCTGAGAAG CCAGCCGAGCATTTGCA CAAATGTGGAAATGCA
HSP60 AIWR1OY AGGCTGGTGCAGGATGTTG CGTTGTTCCGTCTCCTGCTT CAACAGCACAAATGA
HSP70 AIX0ZU6 GATCGAGGTGACATTCGACATC CGACAGCCGACACGTTCA CGCCAACGGCATC
UBQ AI1RUDU CGTCTTCGTGGAGGTATGCA TCAACTTCTAGGGTGATGGTCTTTC CTTCGTGAAGACCTTG
SOD AIRR8XN GCGATAACACAAATGGTTGCA TGAGTCTTTCCAAATGGGTTGA AAGTGCAGGTGCTCAC
GST AID1S7W GGAGGCGCCGGATTCT AGATCAAAGATGGTGTAGTCAACAAAA TTGGCGACAAGATC
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for 10 min at 95 �C, followed by 40 temperature cycles for 15 s at 95 �C and for 1 min
at 60 �C. All samples for every gene were run in triplicates. Negatives and reverse
transcription (RT) negatives were run for every gene/sample to check for DNA
contamination. The data were exported into REST software, and gene expression
levels were calculated relative to reference gene, b-actin, and relative to controls
according to Pfaffl et al. (2002).

2.5. Analysis of oxidative damage to proteins

Aliquots of frozen and ground earthworm tissues were also analyzed for protein
oxidative damage. Three endpoints were studied: (1) Protein carbonyls (PC;
a product of reactive oxygen species oxidation of protein amino acid side chains, e.g.,
Lysine, Arginine, Proline, Threonine, and Histidine; peptide backbone scission;
Michael addition reactions of His, Lys and Cys residues with products of lipid per-
oxidation; or glycoxidation reactions); (2) 3-nitrotyrosine (protein-resident 3-NT;
a covalent protein modification from the action of reactive nitrogen species on the
ortho position of the aromatic ring of tyrosine residues in proteins); and (3) protein-
bound (HNE; a product of lipid peroxidation of polyunsaturated omega-6 acyl
groups, such as arachidonic, or linoleic groups on glycerophospholipids and corre-
sponding fatty acids). Each parameter was determined by the slot-blot technique
with specific antibodies towards the oxidative modification. Each sample was
analyzed in multiple replicates, and compared to samples from control earthworms
processed in the same analysis. Details of the methods have been previously
described (Butterfield, 1997; Sultana et al., 2005).

2.6. Enzyme activity assay for catalase

Enzyme activity assay for catalase activity was performed using a commercially
available kit obtained from Cayman Chemical Company (Ann Arbor, MI). In brief,1 mg
of each sample was loaded on 96-well plate and subsequently mixed with assay
buffers and reagents provided with the kit, as per the given instructions. The
enzymatic reaction was monitored spectrophotometrically and the absorbance was
measured at wavelength 540 nm.

2.7. Statistical methods

Significance of up- or down-regulation of genes relative to controls was tested in
REST (Pfaffl et al., 2002). We used SAS v9.2 (SAS Institute, Cary, NC, USA) for all other
statistical tests. The gene expression data were normalized to controls and were
logarithmically transformed to satisfy the normality assumption for parametric
statistics using GenEx data analysis software (MultiD, Sweden). All data sets were
tested for outliers using Dixon’s Q-test (Alfassi et al., 2005). When calculated Q-
values of the suspected outliers exceeded Q-critical values (90% confidence interval),
these extreme values were removed. Least squares linear regression analyses were
conducted for each gene to examine relationships between relative gene expression
and measured Ag concentration in soils for each of the exposure days (day 1, 3, and
7). All comparisons were conducted among treatments with the same nominal Ag
soil concentration of 100 mg/kg and also between LNP of the same size (30e50 nm)
but with two different soil concentrations, 100 mg/kg (low LNP) and 500 mg/kg
(high LNP). MANOVA was used to investigate the overall effects of day tested,
treatment type (AgNO3, SNP, LNP low, LNP high), and the interaction of the day
tested and the treatment type on gene expression normalized to controls (Table S1).
Two-way ANOVAs were then used to investigate the main effects of day tested, and
treatment type (AgNO3, SNP, LNP low, LNP high) on gene expression normalized to
controls (Table S2). If the MANOVA results were not significant for the interaction
term, the interaction term of the day and the treatment type was not included in the
model for the two-way ANOVAs for the gene expression data. ANOVAs with and
without interaction were performed for PC, HNE, and 3-NT data. In order to make
further comparisons between means, Tukey’s multiple comparisons were per-
formed (a ¼ 0.05). Principal Component Analysis (PCA) was also conducted for each
day. Biplots to examine relationships between the 1st and 2nd principal components
were examined to visualize multivariate treatment differences (Fig. S3).
3. Results and discussion

The actual concentrations of Ag measured in soils and pH of the
treatments are presented in Table 1. The measured Ag soil
concentrations differed from the nominal concentrations due to
inhomogeneity of dosing suspensions which were prepared by
dispersing powders. However, having this range of Ag concentra-
tions presented additional opportunities to examine effects across
concentration gradient which varied from 62 to 288 mg/kg
(Table 1).

We observed dramatic changes in gene expression for several
genes in all treatments as a function of exposure time. Changes in
gene expression levels and in levels of PC in response to AgNO3 and
Ag-NPs varied significantly among days (Figs. 1 and 2). Seven (CaM
16-1, CAT, MT, SOD, HSP60, HSP70, and GST) out of nine analyzed
genes had day as a statistically significant factor determining
changes in gene expression (Table S2). The third day of the expo-
sure showed the highest number (n ¼ 15) of significant changes in
gene expression within treatments relative to controls followed by
7th day, where 10 significant changes in expression levels were
observed (as shown in Fig. 1). Significant temporal variation in gene
expression in response to Ag-NPs exposure has also been observed
in Japanese medaka (Chae et al., 2009) where, for instance, increase
in levels of MT expression were demonstrated up to two days after
exposure but the expression levels decreased to control levels after
four days. Taken together with our results, it appears that MT may
be primarily involved in short term detoxification mechanisms for
Ag, although for the LNP high exposure concentration, MT
remained significantly up-regulated on day 7. The results highlight
the transience of molecular level responses during initial exposure
to Ag and Ag-NPs.

There were similar patterns of changes in expression of several
genes among earthworms treated with SNP, LNP and AgNO3, sug-
gesting similarity in themechanism of toxicity when exposure time
and concentration are similar. For example, significant up-
regulation of MT, on day three, HSP60 on day seven and signifi-
cant down-regulation of CaM three days after the exposure were
documented across all treatments (Fig. 1). There were only a few
instances where a gene did not show a significant response to Ag
ions but its expression was significantly changed in at least one
Ag-NP treatment. Protein kinase C was only significantly down-
regulated in the LNP low and LNP high treatments on day seven.
Although not statistically significant, a similar magnitude of down-
regulation was observed in SNP treatment. There were also no
significant differences among treatments with similar nominal Ag
soil concentrations. In addition, the first two principal components
did not differentiate among treatments at any time of the exposure



Fig. 1. Relative gene expression levels (normalized to b-actin) of nine stress response genes in Eisenia fetida exposed to AgNO3 and Ag nanoparticles (Ag-NPs; small-SNP and large-
LNP) for one, three, and seven days. LNP were used at low (LNP low) and high (LNP high) Ag concentration of 100 and 500 mg/kg. The expression levels significantly different from
controls within treatments are shown by *0.001 < p < 0.05 and by **p < 0.001.

O.V. Tsyusko et al. / Environmental Pollution 171 (2012) 249e255252
(Fig. S3). Catalase was also significantly down-regulated in
response to both SNP and LNPs but not to Ag ions on day three.
Even though the change in CAT expression on day three for Ag ions
was not significantly different from controls, the magnitude of its
down-regulation was similar to that of SNP and LNP low. When
Fig. 2. Levels of protein carbonyls measured in E. fetida after exposure to AgNO3 and
Ag nanoparticles (Ag-NPs; small-SNP and large-LNP) for one, three, and seven days are
expressed as % control (mean � SEM). The treatments that are significantly different
from controls are shown by ***p < 0.001, **0.001 < p < 0.01, and *0.01 < p < 0.05.
a higher concentration was tested (LNP high), significant down-
regulation of CAT was observed on all three days (Fig. 1) and it
was also significantly lower than the LNP low treatment (Table S2).
Catalase enzyme activity was also significantly decreased on day
three for Ag ions and SNP (Fig. 3, Table S4) and even though not
Fig. 3. Catalase enzyme activity measured in Esenia fetida after exposure to AgNO3 and
Ag nanoparticles (Ag-NPs; small-SNP and large-LNP) for one, three, and seven days are
expressed as % control (mean � SEM). The treatments that are significantly different
from controls are shown by ***p < 0.001, **0.001 < p < 0.01, and *0.01 < p < 0.05.
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significant, a similar magnitude of down-regulation was observed
for LNP on day 3 (Fig. 3). In some instances, NP size seemed to also
be an important factor. For example, CaM was up-regulated on day
one, followed by significant down regulation on day three, and up-
regulation on day seven for Ag ions and SNP. However, for LNP low,
CaM was significantly down-regulated on both days one and three
(Fig. 1). Taken together, the data do not provide the overall
impression that there were differences in gene expression between
AgNO3 and Ag-NPs, since no unique responses could be found that
were specific to either particles or ions.

The responses of two genes could be shown to be directly
related to total Ag soil concentration regardless of whether Ag was
present as ions or in nanoparticulate form. Significant correlations
of gene expression with total Ag soil concentrations were observed
for two genes (CAT and HSP70 in Fig. 4). Catalase and HSP70
expression levels significantly decreased with increased Ag soil
concentration (r2¼ 0.99 p¼ 0.005 for CATand r2¼ 0.95 p¼ 0.02 for
HSP70, Fig. 4) on day three. Significant correlations calculated using
the data from all treatments from day three suggest that gene
expression levels for these two genes are determined by Ag soil
concentration independent of the NP size or Ag form (NPs or ions).
On the other hand, our previous study (Shoults-Wilson et al.,
2011a) demonstrated that after up to 28 days, about 85% of the
Ag in the NP treated soil remained in the zero-valent state, indi-
cating intact NPs. The study also showed that uptake of Ag at
similar nominal exposure concentrations was similar among
AgNO3, SNP and LNP over the first seven days of exposure (Shoults-
Wilson et al., 2011a). The only explanation that reconciles these
strong correlations after three days with the known speciation of
Ag in the soil and similarity in uptake is that the Ag-NPs are taken
up and dissolved, releasing Ag ions within the tissues. Our previous
studies have demonstrated that either intact or oxidized metallic
NPs can be taken up and distributed within earthworm tissues
(Unrine et al., 2010a, 2010b). This could also explain the 48 h delay
observed in the avoidance response to Ag-NPs relative to Ag ions
(Shoults-Wilson et al., 2011c).

Among the markers of oxidative damage to proteins, protein
carbonyls showed a significant increase in their levels for all
treatments relative to controls on day three, while 3NT and HNE
levels were significantly decreased on day seven in response to
AgNO3 and LNP for 3NT and AgNO3 for HNE (Figs. 2 and S1,
Table S3). These significant decreases in 3NTand HNE levels suggest
possible activation of detoxification and repair mechanisms by day
seven in response to the exposure of ions and LNPs. It is important
to note that themeasured Ag soil concentration (Table 1) was lower
for LNP than for SNP and this may explain the difference in
Fig. 4. Relationships between gene expression levels for catalase (CAT) and heat shock prote
and Ag nanoparticles (Ag-NPs; small-SNP and large-LNP) for one (black), three (gray), and s
500 (high LNP) mg/kg.
responses in 3NT and HNE levels between these two types of NPs.
The significant increases in the levels of protein carbonyls caused
by ions and both NPs (Fig. 2) on day three indicate that the earth-
worms undergo oxidative stress as a result of both Ag-NP and Ag
ion exposure. It is often repeated that oxidative stress is a nano-
particle specific mode of action (Nel et al., 2009; Yang et al., 2011);
however, it is a mode of action for many toxicants including metal
ions (Valko et al., 2005). A significant decrease in gene expression
levels of CAT and in its enzyme activity also occurs three days after
the exposure to Ag-NPs (Figs. 1 and 3). Catalase is responsible for
metabolizing the highly reactive oxygen species, hydrogen
peroxide. Because of its down-regulation and decreased enzyme
activity, CAT may not be efficient in degradation of H2O2 leading to
accumulation of H2O2 which may be responsible for the increased
levels of protein carbonyls. We only observed increases in PC on
day three, where significant down-regulation of CAT was also
documented (Fig. 1). Although it is not clear why CAT would be
down-regulated in response to Ag exposure, other studies have
documented CAT down-regulation in response to metal ion expo-
sure (Bigot et al., 2011) and Ag-NPs (Chae et al., 2009; Choi et al.,
2010).

Currently there are a number of in-vitro and in-vivo studies
examining mechanisms and comparing genotoxic effects of Ag-NPs
and Ag ions. For instance, in vitro studywith human hepatoma cells
demonstrated induced expression of SOD1, glutathione peroxidase
(GPx1), and CAT by both Ag ions and Ag-NPs while only ions
induced MT 1B (Kim et al., 2009). In another in vitro study using
human intestinal epithelium cells, Ag-NPs and ions showed similar
responses in global gene expressions associated with oxidative and
endoplasmic reticulum stress (Bouwmeester et al., 2011). Most of
the in-vivo studies with Ag-NPs and Ag ions were conducted in
aquatic exposures with medaka (Oryzias latipes (Chae et al., 2009)),
zebrafish (Choi et al., 2010), and nematode (Caenorhabditis elegans
(Roh et al., 2009)) with exception of Drosophila melanogaster
(Ahamed et al., 2010) and studies in mice (Park et al., 2011). Chae
et al. (2009) observed significant differences between ions and
Ag-NPs in expression patterns of five fish biomarkers, with
responses from HSP70, p53, and transferrin (TF) being the most
pronounced. In zebrafish, where Choi et al. (2010) performed
exposures in solutions presumably free of Ag ions (deionized with
ion exchange resin), Ag-NPs induced expression of MT-2, the levels
of malondialdehyde (byproduct of cellular lipid peroxidation), and
total glutathione, while expression levels of CAT and GPx were
reduced. Although the ion exchange resin may have removed Ag
ions from the exposure media, dissolution of Ag-NPs in tissues
cannot be ruled out. In C. elegans (Roh et al., 2009) the exposure to
in 70 (HSP70) and measured Ag soil concentration for Eisenia fetida exposed to AgNO3

even (white) days. LNP are shown for nominal Ag concentration of 100 (low LNP) and
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Ag ions at 0.1 and 0.5 mg/L resulted in two-fold induction of HSP
gene groups, while exposure to Ag-NPs induced MT-2, SOD-3, and
DAF-12. Another C. elegans study with oxidative stress- and metal-
sensitive mutant strains (Yang et al., 2011) demonstrated increased
sensitivity to both ions and NPs for the metal-sensitive mutants
(MT-2 and PCS-1) but oxidative stress-sensitive mutants (MEV-1
and SOD-3) showed sensitivity only to Ag-NPs. Similarly to aquatic
studies, Drosophila melanogaster fed with cornmeal dosed with Ag-
NPs (Ahamed et al., 2010) showed signs of oxidative stress, heat
shock stress, DNA damage and apoptosis. In contrast to the aquatic
and our studies, the levels of CAT were significantly induced by Ag-
NPs in D. melanogaster suggesting organism specific responses to
Ag-NPs. These results from in vivo and in vitro studies demonstrate
that organisms experience various type of stress during the expo-
sures to both Ag ions and Ag-NPs. Comparisons of genetic signa-
tures resulting from the exposures to Ag ions and Ag-NPs in these
studies revealed similarities, indicating that the effects can be
explained by dissolution of Ag-NPs, and also differences, which are
suggestive of particle-specific effects.

The results from this earthworm study taken together with our
previous results on Ag speciation in the soils (Shoults-Wilson
et al., 2011a), suggest that the differences in mechanisms of
short term (<7 days) toxicity of Ag-NPs versus Ag ions may only
be related to the mechanism of delivery of Ag to cells. The rate of
Ag uptake and internalization may differ significantly between Ag
ions and Ag-NPs; however, it appears that their toxicodynamics
once within the cells may be similar, with intracellular Ag ions
driving the effects. These results help to explain why we observed
avoidance of Ag-NPs and AgNO3 in our previous studies at similar
concentrations, but with differences in the timing of effects. On
the other hand, they do not explain why much higher concen-
trations of Ag-NPs are required to elicit reproductive effects in
E. fetida for 28 day exposures. Our previous study (Shoults-Wilson
et al., 2011a) showed that uptake of Ag from AgNO3 treated soil is
greater than from Ag-NP treated soil over long-term exposure. We
have observed similar disparities in uptake when comparing
HAuCl4 to Au-NPs and CuSO4 to Cu-NPs (Unrine et al., 2010a,
2010b). It is possible that these differences in uptake are more
significant in terms of sensitivity for sub-chronic endpoints, such
as reproduction, than for the acute endpoints examined here and
in our behavioral avoidance experiments. The transient down-
regulation of CAT and subsequent decrease in its enzyme activity
may also play a role. If a decrease in CAT enzyme activity leads to
accumulation of H2O2, such accumulation may help to accelerate
the dissolution of Ag-NPs in cells (Ho et al., 2010), particularly
within lysosomes or other intracellular vesicles. If down-
regulation and decreased CAT enzyme activity do not persist, as
our data suggest, then it is possible that dissolution of the Ag-NPs
is more rapid during the onset of exposure than over longer time
period. This may help to explain why the difference in sensitivity
between Ag-NPs and AgNO3 is so much greater for longer time
points than for short-term exposure since the in tissue particle
dissolution rate may decrease over time. The results of this study
highlight the need for caution when predicting long-term
ecological consequences of Ag-NP exposure from short-term
biochemical or behavioral responses. Future studies should
investigate the in-tissue dissolution of Ag-NPs. Unfortunately, this
is an extremely challenging task. Our previous studies used
synchrotron-based X-ray microspectroscopy to investigate in-situ
speciation of Cu and Au-NPs within tissues (Unrine et al., 2010a,
2010b). However, due to the low concentrations relevant to Ag
toxicity (low mg/g), such approaches remain a major challenge
for Ag-NPs, since few instruments exist with micron resolution
and detection limits that enable spectroscopy at low ug/g
concentrations.
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